Knowledge of the pattern of nucleotide substitution is important both to our understanding of molecular sequence evolution and to reliable estimation of phylogenetic relationships. The method of parsimony analysis, which has been used to estimate substitution patterns in real sequences, has serious drawbacks and leads to results difficult to interpret. In this paper a model-based maximum likelihood approach is proposed for estimating substitution patterns in real sequences. Nucleotide substitution is assumed to follow a homogeneous Markov process, and the general reversible process model (REV) and the unrestricted model without the reversibility assumption are used. These models are also applied to examine the adequacy of the model of Hasegawa et al. (J. Mol. Evol. 1985 ;22:160-174) (HKY85). Two data sets are analyzed. For the ~rl-globin pseudogenes of six primate species, the REV model fits the data much better than HKY85, while, for a segment of mtDNA sequences from nine primates, REV cannot provide a significantly better fit than HKY85 when rate variation over sites is taken into account in the models. It is concluded that the use of the REV model in phylogenetic analysis can be recommended, especially for large data sets or for sequences with extreme substitution patterns, while HKY85 may be expected to provide a good approximation. The use of the unrestricted model does not appear to be worthwhile.
Introduction
In comparative analysis of homologous DNA sequences, nucleotide substitution is commonly assumed to follow a (stationary) homogeneous Markov process. The Markov process is specified by a rate matrix, Q, whose elements represent instantaneous substitution rates among the four nucleotides. For mathematical simplicity and ease of computation extra restrictions have normally been placed on the structure of Q, leading to various parametric models. For example, the model of Jukes and Cantor (1969) , designated "JC69," is the simplest in that all the changes among the four nucleotides are assumed to occur with equal probability. Kimura's (1980) model (K80) allows transitions and transversions to occur with different rates, while Felsenstein's (1981) model (F81) allows the four nucleotides to have unequal frequencies at equilibrium. The model of Hasegawa et al. (1985) (HKY85) merits special attention as it allows both different rates for transitions and transversions and different nucleotide frequencies, which is a natural extension to all the above three. Other models include, for example, those of Tamura (1992) and Tamura and Nei (1993) ; both are very similar to HKY85. Li et al. (1985) , Tavare (1986), and Rodriguez et al. (1990) provided reviews on the substitution models available at the time. Such models are used to construct estimators of evolutionary distances in pairwise sequence comparisons and are used in the maximumlikelihood joint comparison of all the sequences. The evolutionary distance between two sequences, either extant or extinct, is then proportional to the time that separates them.
While many models of nucleotide substitution have been proposed in the literature, relatively few attempts have been made to refine methods for estimating substitution patterns in real sequences. The most commonly used method for this purpose is parsimony analysis, which was originally used to compare protein sequences, for example, to construct the PAM matrix by Dayhoff et al. (1978) , and was later used in comparing nucleotide sequences (Gojobori et al. 1982b; Li et al. 1984; Gojobori and Yokoyama 1987; Moriyama et al. 1991; Imanishi and Gojobori 1992) . In this approach, the phylogeny connecting the sequences is estimated and the nucleotide compositions at the interior nodes of the estimated tree--that is, sequences of extinct ancestors-are inferred. Nucleotide changes along the tree are then counted to produce a matrix of relative frequencies of changes among the nucleotides.
The above approach, however, has several problems. First, the parsimony method is known to have no time structure; the probability of a substitution occurring in a short time interval is assumed to be the same as that in a long time interval (Thompson 1975; Goldman 1990) . Although a tree topology is used in the analysis, branch lengths, which are obviously very important in determining the number of changes along the branches, are not taken into account. Second, the estimated matrix of frequencies of changes has no clear meaning. It is at best a reflection (distorted average) of many different matrices of transition probabilities for different branches in the tree, and therefore depends on the overall amount of evolution. For instance, Tamura and Nei (1993) used this approach to estimate the substitution pattern of the control region of human mitochondrial DNA as a justification of their new model. However, the relationship between the estimated matrix of frequencies of changes on one hand, and the proposed probabilistic model on the other, is not clear. This problem was also ignored by Kishino et al. (1990) when they used Dayhoff et al.'s (1978) PAM matrix as a direct estimate of the instantaneous replacement rates among the amino acids. (See also Wilbur 1985 for criticisms of the PAM matrix.)
Other problems include, third, that parallel or backward substitutions are ignored in the parsimony analysis, and fourth, that the inferred tree topology may not be the correct one. Nevertheless, the third problem has virtually been avoided by choosing only closely related sequences (Dayhoff et al. 1978; Gojobori et al. 1982b) . We also note that using a wrong tree will not cause serious errors in estimates of rate parameters (Yang et al. submitted; see also below), and therefore the fourth does not appear to be a big problem either.
In this paper we propose an approach for estimating the rate matrix, Q, using the maximum likelihood method, which avoids the first three problems mentioned above. The model to be used is the general reversible Markov process model. An "unrestricted model," which makes no restriction about the structure of Q, is also used for comparison. Our second purpose is to examine the adequacy of simpler models, and, if they are not acceptable, to provide a new substitution model for use in the maximum likelihood phylogenetic estimation (Felsenstein 1981) . In a recent study we compared the JC69, K80, and F81 models against HKY85 and found that the three simpler models were totally unacceptable for all the datasets analyzed (Yang et al. in press) . It would be interesting to examine whether the HKY85 model is acceptable when compared to more general ones.
Markov Process Models of Nucleotide Substitution
The General Reversible Process Model (REV) 
where the diagonals are given as Qii = -Z j+i Q,J and the nucleotides are ordered T, C, A, G. QijAt (i ¢j) is the probability that nucleotide i will change into nucleotide j in an infinitesimal time interval At. It is easy to confirm that ~r, ~c, ~a' rCC (rot + ~c + J~A -~ ~G = 1) are the equilibrium distribution and that the reversibility condition holds, i.e., TciQij = gjQ)r We will call a, b, c, d, e, f"rate parameters," and the ~s "frequency parameters." It is unclear whether it is biologically reasonable to consider these two sets of parameters as representing different forces that affect nueleotide substitution, but this distinction is mathematically convenient. One of the rate parameters is redundant. Thusfis set to 1 and Q is multiplied by a constant so that the average rate of substitution at equilibrium is 1, i.e., 2a~T~ c + 2bgTT~ a + 2cgTg c + 2dgcg a + 2egcg G + 2f~A~ c = 1. Parameters a, b, c, d, e are then "rate ratios," and branch lengths in the tree, or times t, are defined as the expected number of nucleotide substitutions per site accumulated during that time period.
The reversible Markov process model (REV) was introduced into nucleotide sequence analysis by Tavare (1986) . Almost all the models proposed in the literature are special forms of (1). Especial Kimura (1981) , the correct solution of which was given in Gojobori et al. (1982a) . This model, however, is very sensitive to small perturbations in the data and is often inapplicable if the true distance is not small (Yang 1992) . The model of Lanave et al. (1984) , which was alleged by those authors to be general, also involves the assumption of reversibility (Yang and Goldman in press). This fact was ignored by those authors, which led to inconsistent results; for example, the estimated Q matrix in Table 6 of Lanave et al. (1984: 92) did not satisfy the mathematical requirement that the row sums of Q should be zero.
The matrix of transition probabilities is then P(t) -exp(-Qt), from which the likelihood for a given tree topology can be calculated following Felsenstein (1981) . In this study a general-purpose program is used to calculate the eigenroots and eigenvectors of Q, although it is possible to use the algorithm for solving a cubic equation as one of the four eigenroots is zero. My numerical experiments suggest that the rate matrix for a reversible process has only real eigenroots, although no proof of this assertion is known.
In order to construct a simple formula for estimating the distance between two sequences, the substitution model needs to satisfy two mathematical requirements: (1) the eigenvectors of Q are functions of only the frequency parameters and are free from the rate parameters; (2) the number of unknowns, not including the frequency parameters, is the same as the number of nonzero distinctive eigenroots of Q. As the frequency parameters can be estimated using the averages of the observed frequencies in the two sequences, these two conditions will ensure as many simple equations as the number of unknowns and hence a simple solution. This conclusion also holds when a known distribution, such as a gamma distribution with known shape parameter, is used to approximate rate variation over sites. The two requirements are met by the JC69, K80, F81 models, the models of Tamura (1992) and Tamura and Nei (1993) , and the model underlying Felsenstein's DNAML program (F84). The HKY85 model, however, does not meet the second requirement, as its Q matrix has three nonzero eigenroots while there are only two unknowns (the distance and the transition/transversion rate ratio 1<). The REV model does not satisfy either of the two requirements, and therefore a simple formula for estimating sequence divergence is not available. In fact, the model of Tamura and Nei (1993) can be expected to be the last which can lead to such a simple solution.
The Unrestricted Model. In principle, a Q matrix without the reversibility restriction, called the "unrestricted" model, can be used in a similar way as REV. The model will then be a special case of the parameter-rich model of Barry and Hartigan (1987) , who used one general Q matrix for each branch in the tree. With the unrestricted model, Q may have complex eigenroots, and calculations involving complex numbers have to be carried out to calculate P(t), though P(t) itself is real. Furthermore, rooted trees with the same unrooted topology will have different likelihood values even though no assumption of the existence of a molecular clock is made (Felsenstein 1981) . However, this may not be expected to be a useful way to root the tree, because, for real data, the likelihood values for those trees will be very similar, and the method will have little discriminating power. Inaccuracies in other aspects of the model may well cause larger differences in likelihood than the tree topology differences. The REV model already contains eight free parameters while an unrestricted Q will have 11. The improvement over the REV model by adding three extra parameters is expected to be marginal. I believe that reversibility is a restriction that leads to nice mathematical properties without sacrificing much of the biological reality. However, the unrestricted model will be applied to the same data sets, mainly to show that it cannot be a worthwhile attempt.
Data Analysis
We concentrate on the REV model for estimating the pattern of nucleotide substitution, but use the HKY85 model to perform similar analysis to examine the adequacy of the latter. The unrestricted model is also used to see whether it can provide a better fit than the REV model. Two data sets, one of +Tl-globin pseudogenes from six primate species and the other of a segment of mtDNA genomes from nine primate species, will be analyzed.
Otl-Globin Pseudogenes
The qJq-globin pseudogenes of human, chimpanzee, gorilla, orangutan, rhesus monkey, and spider monkey (Miyamoto et al. 1987 ) are analyzed. There are 6,166 nucleotides in each sequence. The observed nucleotide frequencies are quite homogeneous across species, with averages ~T = 0.308, ~c = 0.185, 91 = 0.308, ~G = 0.199. These values will be used directly as estimates in the HKY85 and REV models. The upper limit of the likelihood (Navidi et al. 1991; Reeves 1992; Goldman 1993 ) is ~max = -13,597.68. Using a smaller dataset which contains only the first four sequences, we previously examined the possible rate variation across nucleotide sites (Yang et al. in press) . Assuming gammadistributed rates over sites did not lead to extremely significant improvement over a model assuming a single rate (P > 0.01), suggesting that substitution rates at different sites are more or less equal. The HKY85 model was used in the comparison. In an even earlier study using six sequences of the same gene, each 2,040 bases long, the fit to the data by the HKY85 model is found to be acceptable (Goldman 1993) . In sum, both HKY85 and REV can be expected to be good candidates for describing the evolution of these sequences.
Tree estimation is not the purpose of this study. However, the three trees concerning the human-chimpanzee-gorilla separation, with all the others as outgroups in the order of orangutan, rhesus monkey, spider monkey, are evaluated to examine the effect of errors in tree estimation on the estimation of rate parameters in the REV model. The best branching order among these three is ((human, chimpanzee), gorilla) (Fig. 1) . The estimated rate matrix obtained from this tree is shown in Table 1 ) Results obtained using the other tree topologies confirm our previous observation that a wrong tree can be used to get reliable estimates of rate parameters (Yang et al. in press) . For example, the estimated Q matrix from the six-species star tree (Table 1) is very similar to that obtained from the best tree.
The HKY85 model also chooses the same best tree from the three, with likelihood f = -13,833.92. The transition/transversion rate ratio is estimated as ~ = .58 with Z~01 = 13.28 with df = 4, and the difference is significant. Estimates of rate parameters from REV also suggest that HKY85 is not describing the data very well. In particular, the assumption b = c = d = e is unrealistic.
We use the unrestricted model to fit the data, assuming the same best (unrooted) tree. The "root"--that is, the starting point for the calculation--is (arbitrarily) set at the node connecting rhesus monkey, spider monkey, and the group of all the other species (Fig. 1) . Branch lengths and all the 11 parameters in the Q matrix are estimated by iteration. The estimated rate matrix is shown in Table 1 , which is very similar to that obtained by using the REV model. The likelihood is now -13,802.80, with only slight improvement over REV (2A~ = 2 × 0.83 = 1.66, )~0~ = 11.35, df = 3). The equilibrium distribution estimated from the unrestricted model is ~r = 0.308, ~c = 0.185, ~A = 0.310, ~ = 0.197, virtually the same as the observed frequencies.
mtDNA Sequences
The second dataset consists of a segment of mitochondrial genomes of human, chimpanzee, gorilla, orangutan, gibbon, crab-eating macaque, squirrel monkey, tarsier and lemur, which is an expanded dataset of that of Brown et al. (1982) . The sequences were aligned by eye by Adrian Friday, and the length of sequence is 888 after sites involving insertions or deletions are excluded. The most "reasonable" (unrooted) tree separates the species in the order human, chimpanzee, gorilla, orangutan, gibbon, crab-eating macaque, squirrel monkey, tarsier, and lemur (Fig. 2) . Nucleotide frequencies in different species are similar but some systematic differences are apparent ( Table 2 ). The frequencies of G are quite homogeneous, while, compared to the average values, those of T and A are higher and those of C are lower in the squirrel monkey, tarsier, and lemur sequences. The orangutan sequence has lower T and higher C frequencies. This suggests that the stationarity and a The element of the matrix, Q0 (i ¢ j) is the rate of substitution from nucleotide i to j. The matrix is scaled so that the average rate in equilibrium is 1 homogeneity assumptions may not be satisfied in this dataset. We therefore estimate the frequency parameters for the HKY85 and REV models by iteration, so that a fair comparison with the unrestricted model can be performed. As the frequencies are not very different among species, we expect that the comparison of models will not be biased too much. Another problem with this dataset is that substitution rates are highly variable across nucleotide sites, as the beginning and ending parts of this segment code for parts of two proteins respectively and the middle part codes for three tRNAs (Brown et al. 1982) . The method of Yang (1993) , which uses a gamma distribution to describe the rate variation over sites, is computationally unfeasible for datasets with more than a few species. To account for such rate variation, we will instead make use of a "discrete gamma" model. The continuous gamma distribution is "discretized" into k categories each of equal probability, and for each category the mean of that portion of the distribution is used to represent the rates in that category. For several datasets, k = 4 is found to give both an optimum or near-optimum fit to data and an acceptable approximation to the continuous gamma distribution. This value will be used in this study. Full details of the method will be described elsewhere; here we use it to compare the three models of nucleotide substitution.
We first fit the models under the assumption that the rate is constant over sites. The most reasonable tree (Fig. 2) = 0.149, with e = -5,189.32. The estimated frequency parameters are quite different from the averages of the observed ones, and this is found to have a large effect on the likelihood values; for example, using the observed averages (Table 2) would give f = -5,197.73 under REV. The estimated Q matrix from the REV model is given in Table 3 , showing the effect of ignoring rate variation over sites on the estimation of rate parameters. The estimate of the rate matrix from the unrestricted model, which is not shown, is similar to that obtained from the REV model, with the equilibrium distribution estimated as ~r = 0.291, ~c = 0.275, ~A = 0.305, ~r = 0.130; these estimates are identical to those obtained from REV at the third decimal points. The likelihood is f = -5,187.86. The "root" of the (unrooted) tree has been placed to the node that connects tarsier, lemur, and the group of the remaining species (Fig. 2) . Using the likelihood ratio test, HKY85 would be rejected when compared to REV (2Af = 2 × 43.39 = 86.78, ;(201 = 13.28 with df = 4), while the unrestricted model does not give a better fit than REV (2Ae = 2 × 1.46 = 2.93, Z201 = 11.35 with df = 3). However, as rates are known to be variable across sites, these comparisons cannot be expected to be reliable.
We now use the discrete gamma model to account for variable rates over sites and estimate the shape parameter of the gamma distribution, c~, from the data. Table 3 . Estimates of both the rate parameters and the frequency parameters are different from those obtained when a single rate over sites was assumed, although the whole rate matrix looks more similar. The estimated Q matrix obtained by using the nine-species star tree is very similar to that obtained by using the best tree (Table 3 ). It is apparent that estimation of the substitution pattern is affected much more by ignoring rate variation over sites than by assuming a wrong tree. The unrestricted model, when combined with the gamma distribution of rates over sites, produced very similar results to those from REV + Gamma (Table 3) 
Discussion
In a traditional statistical setting, the overall adequacy of a model, or its goodness of fit, can be examined by comparing its likelihood with the upper limit, ~ ..... . However, naive use of the ;(2 approximation in this context can be quite misleading due to the many possible site patterns that simply do not appear in the data or appear with very low frequencies (Reeves 1992; Goldman 1993) . Such a test is therefore not performed here. Based on previous analyses using more rigorous tests (Yang et al. in press) , it can be expected that the fit of the REV model to the pseudogene data is statistically acceptable. Application of the )¢2 approximation to comparison of two parametric models, such as the comparison between HKY85 and REV, appears to be quite reliable and the results are found to be consistent with parameter estimates. In fact, comparison of two parametric models appears to be more powerful than the overall goodnessof-fit test. This may be the main reason why the HKY85 model was not rejected for the +rl-globin pseudogenes by the overall test (Goldman 1993) , while it is when compared against the REV model.
For the mtDNA sequences, HKY85 + Gamma appears to be acceptable, as concluded by Yang et al. (in press ) when an overall goodness-of-fit test was applied to a subset of the present data containing the first four sequences. The extreme rate variation over sites is manifest from the tremendous improvement in likelihood by adding the gamma distribution (only one parameter) to either HKY85 or REV or the unrestricted model. Indeed, when rate variation over sites is properly accounted for in the model, neither REV nor the unrestricted model can give much improvement over HKY85. While HKY85 + Gamma can be expected to have described many of the characteristics of the evolution of these sequences, we do notice some peculiarities: for example, some of the estimated frequency parameters lie outside the range of the observed ones (Table 2) . This seems to suggest that the patterns of substitution are not quite the same along different lineages, while all the models considered here assume the same substitution pattern for all the lineages.
The approach taken in this study is statistical model fitting, pioneered by Ritland and Clegg (1987) in the context of phylogenetic analysis. It is unfortunate that many phylogenetic analyses appear to have paid little attention to what assumptions concerning the evolutionary process are being made. For some methods based principally on intuitive arguments, such as parsimony analyses, it is not even clear what assumptions are made. In a few cases where some aspects of the assumptions were examined, commonly used models were found to be totally unacceptable (Reeves 1992; Goldman 1993) . Recent studies suggest that phylogenetic estimation can be substantially affected by the model assumed in the analysis: different models may support different tree topologies; estimates of branch lengths are particularly sensitive; evaluation of the reliability of the estimated tree, by whatever methods, can be quite misleading if the model is wrong (Yang et al. in press and unpublished results) .
I believe that the models examined in this paper and those commonly used in phylogenetic analysis are "descriptive" rather than "interpretative." For example, on their own they do not tell whether the process of nucleotide substitution is mainly driven by mutation or selection. The estimate of a branch length in the tree may be better interpreted as an average, over time, of a variable rate than a reflection of a constant rate. Models used in phylogenetic analysis have commonly been formulated at the level of nucleotide substitution, which is the observed product of a complicated process driven by many factors, notably mutation and selection, the effects of which are still not well understood or cannot be accurately measured in practice. However, this limitation does not mean that there is no pattern of nucleotide substitution at all. Neither does it justify ambiguous, incomplete formulations or inadequate analyses, for they may lead to uninterpretable or misleading results. It is apparent that an adequate description of the substitution process is essential to an understanding of its underlying mechanisms. It is my belief that we can gain insights into molecular sequence evolution by rejecting wrong models and constructing more realistic ones, using knowledge of the biology of the sequences.
